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Abstract 

The possibility of radiative effects that are due to interaction of fermions with a dense 
matter is investigated. Neutrino-antineutrino photo-production is studied. The rate of this 
process is calculated in the Furry picture. It is demonstrated that this effect does not disap- 
pear even if the medium refractive index is assumed to be equal to unity. The rate obtained 
strongly depends on the polarization states of the particles involved. This leads to evident 
spatial asymmetries, which may have certain consequences observable in astrophysical and 
cosmological studies. 

A Dirac massive neutrino has non-trivial electromagnetic properties. In particular, it pos- 
sesses a non-zero magnetic moment [1]. Therefore a Dirac massive neutrino propagating in a 
dense matter can emit electromagnetic radiation due to the weak interaction with background 
fermions lElEl. The phenomenon was called the neutrino spin light in analogy with the effect, 
related with the synchrotron radiation power depending on the electron spin orientation (see H). 
The properties of spin light were investigated in the quasi-classical approach 0|31I3, and basing 
upon the consistent quantum theory |l6l|71[Sl|. 

However this is not the only effect caused by the non-trivial electromagnetic properties of 
neutrino. In the present work we investigate the possibility of vv pair production by a photon. 
As is evident from the following account, such process in a dense matter is available even if the 
refractive index of the medium is assumed to be equal to unity, i.e., the photon dispersion law is 
the vacuum one. 

It is well known that the process y ^ y-l- v is kinematically possible whenever the photon four 
momentum k'^ = {k^, k} is time-like even if neutrinos are assumed to be massless. This process, 
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called "plasmon decay", can really take place in stars (see, e.g., and references therein). 
Unlike the "plasmon decay", the reaction under investigation is due to the modification of the 
neutrino dispersion law caused by the coherent interaction of neutrino with a dense matter. 

When the interaction of neutrino with the background fermions is considered to be coherent, 
the propagation of neutrino in matter is described by the Dirac equation with the effective po- 
tential ifTDlfTTl . In what follows, we restrict our consideration to the case of a homogeneous and 
isotropic medium. Then in the framework of the minimally extended standard model, the form 
of this equation is uniquely determined by the assumptions similar to those adopted in lfT2l : 

id-^f(l+r')-m,'j¥, = 0. (1) 

The function = const is a linear combination of fermion currents and polarizations. The 
quantities with hats denote scalar products of the Dirac matrices with 4- vectors, i.e., a = y^a^^. 

If the medium is at rest and unpolarized then f = 0. The component /" calculated in the first 
order of the perturbation theory is as follows lfT3lfT4lfT5l : 

/' = V2Gf{ + - 22^^^ sin^ 0w) {nf - n^)}. (2) 

Here, nf,nf are the number densities of background fermions and anti-fermions, Q^^^ is the elec- 
tric charge of the fermion, and T^^' is the third component of the weak isospin for the left-chiral 
projection of it. The parameter I^v is equal to unity for the interaction of electron neutrino with 
electrons. In other cases lev = 0. Summation is performed over all fermions of the background. 

In what follows we use solutions of equation ([T]) in which quantum numbers of the problem 
are the kinetic momentum components of neutrino, related to its group 4- velocity by the rela- 
tions q'^ = niyu'^, = mj. This choice can be justified, since it is the particle kinetic momentum 
that can be really observed. 

When the medium is at rest and unpolarized then the orthonormalized system of such solu- 
tions is|l6l|7|: 

W{x) = ^ e-^^^''-i''l'^''e^^^'"m + m.)(l - ^y'S,,)^\ (3) 
where A^^ = 1 + ^/"/Slql, and 

'^rp = — |lqLA/lql), (4) 

i. e., the eigenvalues ^ = +1 determine the helicity of the particle. Here is an arbitrary nor- 
malized constant bispinor. 
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It is clear that the relation of the canonical momentum P to the kinetic momentum q is 
determined by the formula 

P = qA,^, (5) 
and the particle energy is given by the relation 

e = ^° + fl2 = yjq^+ml + f/2. (6) 

It is seen that if the energy is expressed in terms of the kinetic momentum, then it does not depend 
on the particle helicity, while the particle canonical momentum is a function of the helicity. 

Consider the neutrino-antineutrino pair photo-production process. The formula for the neu- 
trino pair creation probability by a polarized photon with the vacuum dispersion law is 



(7) 



Here, gy(y, x; q, ^y), gy(x, y; p, ^y) are the neutrino and antineutrino density matrices respectively, 
^p,J<y, x; k) is the initial photon density matrix, 7"^ = - y/Anfiocr^^ky is the vertex function, where 
Po is the anomalous magnetic moment of the neutrino. The density matrices of longitudinally 
polarized antineutrino and neutrino in the unpolarized matter at rest constructed with the use of 
the solutions © of equation ([T]) have the form 
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,2,. .A _ ^ .VI - /../Se. .„xx^/(."-.v»)(p»-/V2)-/(x-y)pA,, 



Qy{x,y;p,^y) = T^p^.ip - mv)(l - ^yy S tp(p))e 

(8) 
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gy(y,x;q,^y) = -A^,^(§ + m,)(l - ^,y55,,(^))e'-(^"->'°«^"-^^°/2>-'-(''-^>'>V.. 

After integrating with respect to coordinates we obtain the expression for the transition rate 
under investigation: 

W = ^^P'- «v)^(^'- fnl)6(k' -p'- q')6\k - pA^^, - qA,(JT(p, q), (9) 

where 

T{p, q) = 2A2^ AJ^^ [{pk){qk) + ^y^y [kW - p°(pk)/|p|] [^"Iql - ^«(qk)/|q|] 
- gUqk) [fc^lpl - ;?''(pk)/|p|] - gUpk) [k^\q\ - ^°(qk)/|q|]) . 

Here g = +1 denotes the sign of the initial photon circular polarization. 



3 



After integrating over angular variables of antineutrino and |p|, |q|, we obtain the spectral- 
angular distribution of the final neutrino 

X JdOdi^ yjlPl'^l^, - (k' - lql A,f, cos - IqHA^^J sin i^,) ^^l) 
X [(f/2){^,q\\ + ^y\q\) - kW, - g(f/2) (^MpM + ml + pV)f, 

where 

Ipl = yJipT-ml, |q| = ^(q^y-ml, 

■&y is the angle between the direction of the neutrino propagation and the photon wave vector, 
and do = sin &yd'&vdipv is the solid angle element. 

Spectral-angular distribution of the final antineutrino can be found after substitution 

Iql^lpl, ^v^^v, &r^&y, (12) 

made in equation (fTTTl . Naturally, the kinetic momenta of neutrino q and antineutrino p are in 
a plane with the photon momentum k. If sign(Ap^-A^^J = 1, the kinetic momenta p, q have 
opposite azimuthal angles. However if sign(Apf_A^fJ = -1, this vectors have the same azimuthal 
angles. It should be emphasized that this fact is rather unusual. 

It is convenient to express the results of integrating over angular variables of neutrino in terms 
of dimensionless quantities. Introducing the notations 



T] = k'^/2my, p^/my = r] + y, q'-^ /niy = rj - y, 

d = \f\l2my, ly,y = ^y ,y Sign(/'), ^ = g Sign(/0), 



(13) 



we have 



2 3 

K^y 



r dy 
X ^j{^ + yf-l^j{ri-yf-\ 



X [d (Un - y) ^jir] + yf-i + Uri + y) V('7-y)'-i) - 277 ^^^^ 

- gd (My ^j{rl + yr--l ^j{ri-yf-l + (v + y)(r] -y) + l)f. 
For pair production the necessary condition on the photon energy is 77 ^ 1 . In fact the threshold of 
the reaction can lie higher. So the integration limits y+ in formula (HH) are diff'erent for diff"erent 
values of parameter d. 
When d < \ we have 

ye0 ?7 6 [1,771), ^^^^ 

ye [-Jo, Jo] r]e[riy,oo). 
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y€(Z) /7€[l,oo), (16) 

ye0 r]e[l,oo), (17) 

if = -l,^y = 1, and 

ye0 ri€[l,oo), (18) 

When y2 < J < 1 we have 

ye<Z> 77e[l,?7i), 

y&[-yo,yo] ?7 e [?7i,'72), (19) 
J e [-(77 - 1), 77 - 1] 77 e [772, 00), 



if^y=l,^y=l, 
if^y = -l,^y = -l, 

if = -l,^v = 1, and 



y€0 77e[l,«'X (20) 



yG0 776 [1, 772), 

J e [-(?7 - 1), -yo] t] 6 [?72, 00), 

3^60 77 £[1,772), 

y €{yo,7]-l] 7]€ [772, 00), 



if^y = 1,^, = -1. 

In the case of high matter density (d > 1) we have 



if^y=l,^y=l. 



if^y = -l,^y = -l. 



(21) 



(22) 



3;e[-(77-l),77-l] 77e[l,oo), (23) 
y 6 [-(77- 1),?7- 1] 776 [1,771), 

ye[-(r]-l),-yo][j\yo,ri-'^] n^Vm^m), (24) 
J e 77 e [772, 00), 

ye [-(77- 1), 77- 1] 776 [1,772), 

3;€[-(77-l),3;o] n^Vm,d), (25) 

y G [-(77 - 1), -Jo] 77 e [t^, 00). 
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if = -l,^y = 1, and 



y 6 [-(77- 1),T]- 1] 

y 6 [-yo,r]- 1] 
y 6 [jo,?7- 1] 



r] e [1,772), 
?7 e [772, ^), 
?7 6 [<i, 00). 



(26) 



if^y= l,^y = -l. 

Here 



m = 



m = 



2d -I 



yo = 



\ri -d\y/T]- T]i 



(27) 



It is easy to verify that if parameter = -1 for the generated neutrino, then A^^^ < 0. In 
a similar way, if parameter ^y = -1 for generated antineutrino, then A^^^_ < 0. Therefore, such 
particles have p° < niy Vl + J^, or (f < m.y Vl + J^, i.e., their energies lie lower than the spin 
light emission threshold |||6H7j. Since the condition ^ = -1 is necessary for photon emission by a 
neutrino in matter, the cascade process of the form 

7^v + v^v + v + y 

is impossible in our model. 

The transition rate under investigation is defined as 



12772 



(7Cy+)-7(j_)). 



(28) 



Here 



7(j) = J77 (4J772 + J + 6^77) Eix, 5) - 77 (2J2 - 3) Fix, *) 



^Yy^ (2J(/ - 77') - 3J - 6^77) sin;r ^{i^-yf -^){ijl^yf 
+Mvdy {idOif- - y'^) + 3d + 6gT]) 

-2l,d (377 - - 277' -yri-l)) yjiiri + yy-l) 

+2U (377 - -gdiy^ - 2772 + J77 - 1)) yjiiri-yy-i), 

where 5), ^Of, 5) are elliptic integrals lfT6l of the arguments 

23^77 r — 

^ = arcsm-- — -, s=^Jl-l]^. 

+ T]^ - I 

If we consider the case with J «; 1, the following approximate expression can be obtained 



(29) 



(30) 



+ 



2 



I677 



(l+^y)(l+^y)^ln 



^f-l V(l-^i/77)'-2Vl-'7i/'7 + ln 



3 77 



1 + ^J'^-r]l/T] 
1- ^J^-m/r] 

1 + yfT^-mh 



1- ^Ji-m/r]_ 



(1+^) 
(1-4 



(31) 



Near the reaction threshold, defined by the relation t] = rji, the transition rate is described by the 
formula 

2 3 

^sM. * + + ^v) [ Vi-^iMi +s)+ ^Ji^-mhni - -g)] , (32) 

and for J77 » 1 , by the formula 

2^3 
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W-gM^ « '-^d'rjil + f,)(l + ^,)(1 - g). (33) 



When J > 1, 77 » the transition rate is described by the formula (1^ as well. 

Pairs produced have zero angular orbital momentum if ^ = 1 ("allowed" transition), and 
non-zero angular orbital momentum if ^ = -1 ("forbidden" transition). Evidently, only high 
energy photons with the helicity sign opposite to the sign of the eff"ective potential (g = -1) 
can effectively produce neutrino and antineutrino. For high energy photons with ^ = 1 pair 
production is suppressed. 

With the use of the effective potential calculated in the first order of the perturbation theory 
(0) the following conclusions can be made. Let us discuss, as an example, the neutron medium. 
The sign of the effective potential is negative in this case, so only right-handed polarized photons 
of high energy can effectively interact with such medium. In the ultra-relativistic limit, (here we 
use gaussian units), we have for the rate of pair production 

(^^7 ( l^o\^ (Gptln^^ 



Here Sy is the neutrino energy, fi^ = efi/lnieC is the Bohr magneton, a is the fine structure 
constant, m^. is the electron mass, and Gp is the Fermi constant. This formula is valid for neutrinos 
of different flavors. 

As a result of the reaction the left-handed polarized particles essentially arise: an active left- 
handed polarized neutrino and a practically "sterile" left-handed polarized antineutrino. Electron 
neutrino can react with neutron medium as follows 

Ve + n ^ + e~ , 

and v^, Vr cannot interact with the medium. 

It is very interesting to consider the limit my ^ in eq. (fT4ll . when the neutrino anomalous 
magnetic moment is supposed to be constant. We have 

^-sM. = '^^^^p- [(1 + ^i>)(l + ^v)(l - ^) + (1 - U(\ - ?v)(l + -g) e( \f\ - 2k^)] . (35) 
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It is evident that the right-hand side of eq. (l35t vanishes if we use the standard two-component 
model of neutrino (^y = l,^v = -1). Hence the rate of the process is not equal to zero due to 
"sterile" states of neutrinos. 

Recently ifTTI the possibility of electron-positron pair production by a photon was investi- 
gated in the framework of Standard Model Extension ifTHl [T^ EUl OTl with axial- vector Lorentz 
breaking background. In this model the Dirac equation for an electron differ from ([T]) only by the 
term that can be gauge away. In the relativistic case, the formulas obtained in ifTTI for the rate 
of pair production coincide with those for "allowed" transition {g = 1) in our model (see (iBlT) ). 
The transition rate decreases in the region of high energies as it must be in the renormalizable 
theory. It is significant that in our model based on the non-minimal interaction and, therefore, 
non-renormalizable, "forbidden" transitions play the main role at high energies. 

In conclusion a few words about approximations used in our paper. It is possible to suppose 
that the interaction of neutrino with matter to be coherent if there are significant number of matter 
particles in the de Broglie cell of the neutrino. This condition leads to inequality 

- »1. (36) 

If the matter number density is assumed to be n « lO^^cm^ which corresponds to the number 
density of a neutron star, we have 

Since the neutrino mass is estimated as my < leV the quantity in the right-hand side of this 
inequality is close to the Plank energy. 

In our calculations we used the approach based on the static value for the anomalous mag- 
netic moment of neutrino. Unfortunately, the conditions of applicability of this approach at high 
energies are not known. However we believe that the results obtained in the present paper may 
provide some hints to possible future observation of the effects that are due to coherent neutrino 
interaction with a dense matter. The special feature of the results obtained in the present paper 
is that the pair production rate strongly depends on the helicity of the particles, and this leads 
to evident spatial asymmetries in the reaction products, which may have certain consequences 
observable in astrophysical and cosmological studies. 

The author is grateful to A. V. Borisov, A. E. Shabad, and V. Ch. Zhukovsky for fruitful 
discussions. 
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